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The novel acidophilic structure of the killer toxin from
halotolerant yeast demonstrates remarkable folding similarity
with a fungal killer toxin
Tatsuki Kashiwagi1†, Naoki Kunishima1, Chise Suzuki2, Fumihiko Tsuchiya3,
Sayuki Nikkuni2, Yoji Arata3 and Kosuke Morikawa1*
Background:  Several strains of yeasts and fungi produce proteinous
substances, termed killer toxins, which kill sensitive strains. The SMK toxin,
secreted by the halotolerant yeast Pichia farinosa KK1 strain, uniquely exhibits its
maximum killer activity under conditions of acidic pH and high salt concentration.
The toxin is composed of two distinct subunits, a and b, which tightly interact
with each other under acidic conditions. However, they are easily dissociated
under neutral conditions and lose the killer activity. The three-dimensional
structure of the SMK toxin will provide a better understanding of the mechanism
of toxicity of this protein and the cause of its unique pH-dependent stability.
Results:  Two crystal structures of the SMK toxin have been determined at 1.8 Å
resolution in different ionic strength conditions. The two subunits, a and b, are
jointly folded into an ellipsoidal, single domain structure belonging to the a/b-
sandwich family. The folding topology of the SMK toxin is essentially the same as
that of the fungal killer toxin, KP4. This shared topology contains two left-handed
split bab motifs, which are rare in the other proteins. Many acidic residues are
clustered at the bottom of the SMK toxin molecule. Some of the carboxyl
sidechains interact with each other through hydrogen bonds. The ionic strength
difference induces no evident structural change of the SMK toxin except that, in
the high ionic strength crystal, a number of sulfate ions are electrostatically
bound near the basic residues which are also locally distributed at the bottom of
the toxin molecule.
Conclusions:  The two killer toxins, SMK and KP4, share a unique folding
topology which contains a rare structural motif. This observation may suggest
that these toxins are evolutionally and/or functionally related. The pH-dependent
stability of the SMK toxin is a result of the intensive interactions between the
carboxyl groups. This finding is important for protein engineering, for instance,
towards stabilization of the toxin molecule in a broader pH range. The present
crystallographic study revealed that the structure of the SMK toxin itself is hardly
affected by the ionic strength, implying that a high salt concentration affects the
sensitivity of the cell against the toxin.
Introduction
Since the discovery that a certain strain of Saccharomyces
cerevisiae can kill other yeast strains [1], many such ‘killer’
strains have been found in various species of yeasts and
fungi. As a means to kill the ‘sensitive’ strains, the killer
strain secretes a proteinous substance termed ‘killer toxin’.
The killer strain also possesses the phenotype of insensi-
tivity to its own toxin, which is designated as ‘immunity’. 
The killer strains share these common phenotypes,
however, each killer toxin has unique properties, which
vary widely according to the species and strain. The killer
toxins are encoded by several different genomes, such as
the genome of the double-stranded (ds) RNA virus that
persistently resides in its host symbiotically [2–6], the
chromosomal DNA [7–9], and the linear cytoplasmic
DNA plasmid [10,11]. The molecular weights of the killer
toxins vary from about 10 kDa [12] to 300 kDa [13]. Many
killer toxins are encoded as precursors, and are post-trans-
lationally processed by several proteases. These proteases
include the signal peptidase, the S. cerevisiae Kex2p
endopeptidase, which cleaves the carboxyl side of a pair of
basic amino acid residues [14], and the S. cerevisiae Kex1p
carboxypeptidase, which removes a pair of basic residues
from the intermediate processed by the Kex2p protease
[15]. By way of several proteolytic processing steps, each
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killer toxin matures to the monomeric [5], heterodimeric
[2,3,6,9], or heterotrimeric [10] structure.
Each killer toxin has its own unique strategy of killing.
The K1 toxin of S. cerevisiae, which has been most exten-
sively studied among all the killer toxins [16], exerts its
toxicity in two steps. This toxin initially binds to the linear
b-1,6-glucan in the cell wall of sensitive yeast [17], and
subsequently forms an ion channel in the cell membrane,
which causes cell death [18–20]. It has been found from
experiments using synthetic lipid bilayer membranes that
the killer toxin from Pichia kluyveri has a similar mode of
action involving ion-channel formation [21]. A mannan is
the cell wall receptor for the S. cerevisiae K28 toxin [22];
this toxin is also assumed to inhibit the DNA synthesis of
yeast [23]. The HM1 toxin of Hansenula mrakii [24], which
has a broad spectrum of killer activity against yeasts, has
been shown to interact with the cell wall b-1,3-glucans
and b-1,6-glucans [25]. HM1 toxin has also been shown to
inhibit the synthesis of cell wall b-1,3-glucans [26]. On the
other hand, the killer toxin of the Kluyveromyces lactis
IFO1267 strain, which is a large glycoprotein with a het-
erotrimeric structure [10], has a chitinase activity [27].
So far, the three-dimensional structures of two killer toxins
have been determined: the crystal structure of the Ustilago
maydis KP4 toxin [28] and the solution structure of the
H. mrakii HM1 toxin, analyzed by NMR [29]. Although
both of the toxins are small basic proteins composed of
single polypeptides with many disulfide bonds, their struc-
tures are completely different from each other. The struc-
ture of the KP4 toxin belongs to the a/b-sandwich family,
while the HM1 toxin is classified as an all-b protein. From
the structural similarities between the KP4 toxin and scor-
pion toxins, and from the results of several in vivo experi-
ments, the investigators of the KP4 toxin concluded that
this toxin acts as a Ca2+ channel inhibitor [28].
A killer toxin has been found to be secreted by a halotoler-
ant yeast, the Pichia farinosa KK1 strain. This yeast is
mainly found in fermented food that is rich in salt [30]; as
a salt mediated killer toxin it is termed the SMK toxin [9].
SMK toxin is encoded by a single open reading frame 
of chromosomal DNA (the SMK1 gene) and is translated
in the form of a 222 amino acid preprotoxin (PIR entry
code: A49995). The preprotoxin comprises a typical signal
sequence, a hydrophobic a polypeptide (amino acid
residues 19–81), an interstitial g polypeptide with a puta-
tive glycosylation site, and a hydrophilic b polypeptide
(amino acid residues 146–222) [9]. This preprotoxin is
converted to the ab heterodimeric mature toxin, with a
molecular weight of 14kDa, through stepwise proteolytic
processing. Processing probably involves the Kex2p-like
endopeptidase [14] and the Kex1p-like carboxypeptidase
[15]. The gene structure and the heterodimeric mature
structure of the SMK toxin resemble those of the K1 and
K2 toxins from S. cerevisiae [2,3], although the latter two
are derived from ds RNA viral genomes in contrast to the
chromosomal gene for the SMK toxin. Moreover, the
hydrophobicity profile of the SMK toxin is similar to that
of the K1 toxin, despite the lack of sequence similarity
between them [9].
The stability and killer activity of the SMK toxin strongly
depend on pH and salt concentration [31]. The two sub-
units, a and b, which are not bridged by disulfide bonds,
act as the toxin in the associated state. They tightly inter-
act with each other under acidic conditions, although the
heterodimer is easily dissociated under neutral conditions
[9]. Naturally, the toxin shows its maximum killer activity
at pH 2.5–4.0, its toxicity steeply decreases with increasing
pH and is finally lost at pH6.0. The killing effect is
enhanced with increased NaCl or KCl concentrations.
This unique property is only observed in the killer toxins
from the halotolerant yeasts [13]. The toxic mechanism of
the SMK toxin has not yet been characterized, although
there is some fragmentary information about its mode of
action. The possibility that the toxin works against some
mechanism for resisting osmotic pressure has been sug-
gested [31], and the observed lack of binding ability of this
toxin to b-1,6-glucan may have functional implications [9].
We report here the crystal structure of the SMK toxin
determined at 1.8Å resolution by the multiple isomor-
phous replacement (MIR) method. This is the first three-
dimensional structure of a heterodimeric killer toxin. The
two subunits, a and b, are jointly folded to form a single
ellipsoidal domain belonging to the a/b-sandwich family.
The structural topology of the SMK toxin is essentially
the same as that of the KP4 toxin, implying evolutionary
and/or functional relationships between them. It is con-
cluded that the pH dependent stability of the SMK toxin
is ascribed to the tight interactions between the acidic
residues. Based on structural analysis in high and low ionic
strength conditions, it is suggested that it is not the toxin
structure itself, but the sensitivity of the cell against the
toxin which is affected by high salt concentrations.
Results and discussion
X-ray crystallography
Structural analysis of the SMK toxin was performed, using
a tetragonal crystal grown from 2.7M ammonium sulfate
(AS) solution at pH3.5 [32]. This crystal (AS crystal)
belongs to the space group P41(3)212, with unit cell dimen-
sions of a=81.10Å and c=118.46Å. The structure was ini-
tially determined at 2.7 Å resolution, by the MIR method
with the anomalous scattering information, and by subse-
quent phase improvement procedures utilizing solvent flat-
tening (SF) and molecular averaging (MA) techniques. In
this process, the enantiomorph of the space group and the
number of molecules per asymmetric unit were determined
to be P43212 and two, respectively. The two molecules in
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the asymmetric unit are related by a non-crystallographic
twofold axis. All 140 residues in each molecule of the SMK
toxin were unambiguously assigned to the electron densi-
ties. The initial model was subjected to crystallographic
refinement. During the refinement and model rebuilding
process, some sulfate ions were found near the positively
charged residues, and were included in the model. Residue
206, which had been originally assigned as leucine [9], was
exchanged for serine, by inference from the shape of the
electron density and from the subsequent re-examination
of the amino acid analysis. The final model, including two
SMK toxin molecules designated as Mol AAS and Mol BAS,
seven sulfate ions, and 224 water molecules, provided an
R factor of 18.6% for all data with F>1sF between 6.0Å
and 1.8Å resolution.
A crystal of the SMK toxin, with the same space group 
and similar unit cell parameters, was obtained from a 25%
polyethylene glycol (PEG) 4000 solution at pH4.0 [32]. The
structural analysis of this crystal (PEG crystal) was carried
out, because it showed substantially large differences in the
diffraction intensities, as compared to the AS crystal. The
model, including the two toxin molecules Mol APEG and
Mol BPEG (which correspond to Mol AAS and Mol BAS in the
AS crystal, respectively), 271 water molecules, but no
sulfate ions, was refined to a final R factor of 17.2% for all
data greater than 1s between 6.0Å and 1.8 Å resolution.
Final refinement statistics and several structural features
of the SMK toxin molecules are summarized in Table 1.
Overall view of the molecular structure
The overall structures of the four independent SMK toxin
molecules are almost identical to one another. The mean
root mean square (rms) deviations of the four molecules
from the average structure are 0.12Å and 0.30Å, for Ca and
all non-hydrogen atoms, respectively. The Ca backbone
trace of the SMK toxin is shown in Figure 1. The toxin mol-
ecule has an ellipsoidal shape, with overall dimensions of
41Å×29 Å×34Å. The two subunits, a and b, are jointly
folded into a single domain structure. Along the longest
molecular principal axis, we designate the N-terminal sides
of the a and b subunits as the molecular bottom and top,
respectively. The assignment of the secondary structure to
the amino acid sequence, ribbon drawings and a topology
diagram of the SMK toxin are presented in Figures 2 and 3.
The a subunit possesses one a helix and two b strands,
whereas the b subunit consists of one a helix and three
b strands. These secondary structure elements are arranged
so that a layer of two antiparallel a helices flanks a five-
stranded antiparallel b sheet. In agreement with the previ-
ous study [9], there is no intersubunit disulfide bridge,
instead, two cysteine residues in each subunit (Cys37 and
Cys53 in the a subunit and Cys190 and Cys219 in the
b subunit) form an intrasubunit disulfide bond (Fig. 2).
The b1 strand at the edge of the b sheet starts from the
second N-terminal residue of the a subunit. This strand is
connected with the a1 helix through a long loop (L1 loop)
consisting of 20 residues; the notations of the loops are
represented in Figure 2. The L1 loop can be divided into
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Table 1
Refinement statistics and structural features of the SMK toxin molecules.
NatAS Mol AAS Mol BAS NatPEG Mol APEG Mol BPEG
Resolution (Å) 6.0–1.8 6.0–1.8
No. of reflections used 33 901 34 347
No. of atoms
protein 1 988 1 988
solvent 259 271
R factor* 0.186 0.172
Rms deviations from ideal values
bond length (Å) 0.015 0.014
angle related distance (Å) 0.030 0.027
Rms coordinates error† 0.184 0.159
Mainchain torsion angles (f, ψ)‡
most favored (%) 91.7 92.6 93.5 93.5
additional allowed (%) 8.3 7.4 6.5 6.5
Average B factor (Å2) 15.54 18.14 19.14 21.12
Rms positional displacements (Å) 
between two molecules 
(Ca atoms/all atoms)
Mol AAS 0.234/0.541 0.162/0.319 0.218/0.530
Mol BAS – 0.235/0.570 0.110/0.365
Mol APEG – – 0.213/0.527
* R = Shkl |Fobs(hkl) – Fcalc(hkl) | / Shkl Fobs(hkl). †The value is calculated using the program SIGMAA in CCP4 [39]. ‡The values for the non-glycine,
non-proline and non-terminal 108 residues are classified after applying the criteria of the program PROCHECK [44]. Nat refers to the native
crystal, Mol A and Mol B refer to NCS related molecules; AS = the ammonium sulphate crystal, PEG = the polyethylene glycol crystal.
two parts (L1A and L1B) at residue Cys37, because it forms
a disulfide bond with Cys53 on the a1 helix. The L1A loop
is positioned at the top of the molecule, and the L1B loop
covers the upper portions of the two a helices. The a1
helix transverses the b sheet diagonally, and is connected
to the b2 strand through a tri-glycine loop (L2 loop). This
long helix, which comprises 23 residues, is kinked at
Phe65 at an inclination of 30°. The b2 strand lies at the
other edge of the b sheet.
The b subunit starts near the C terminus of the a subunit.
The Ca atoms of Val81 (C terminus of the a subunit) and
of Gly146 (N terminus of the b subunit) are only 10Å
apart. The b3 strand, following the short L3 loop at the
N terminus, flanks the antiparallel b2 strand. A medium
sized loop, L4, lies between the b3 strand and the a2
helix. The extensive hydrogen-bond network, between
the L4 loop and the C-terminal region of the a1 helix,
causes the kink of the a1 helix. The a2 helix runs roughly
in parallel to the b1 strand. The L5 loop, between the a2
helix and the b4 strand, includes only one non-glycine
residue (Lys185); the mainchain torsion angles (f,ψ) of
this residue lie in the left-handed helix region. The fol-
lowing b hairpin, comprising strands b4 and b5, is inserted
between the b1 and b3 strands so that the antiparallel
b sheet is completed. The terminal portion of the
b subunit forms a long L6 loop. This loop transverses the
b sheet in an almost orthogonal direction to the b strands
and covers the upper half of the b sheet on the opposite
side of the a helices. The terminal segment of the L6 loop
is stabilized by the disulfide bond between Cys190 and
Cys219, which divides the loop into two regions, L6A and
L6B. The L1A and L6A loops jointly create a hydrophobic
cleft, where the C terminus of the a subunit and the
N terminus of the b subunit are located.
The B factors of the mainchain atoms of the four indepen-
dent SMK toxin molecules are shown in Figure 4 as a
function of the residue numbers. Average B factors in
Table 1, together with Figure 4, demonstrate that the
B factors of Mol BY are higher than those of Mol AY (where
Y=AS or PEG). The significant B factor differences
between the non-crystallographic symmetry (NCS) mol-
ecules are concentrated in particular regions, where Mol
AY contacts neighboring molecules in the crystal. There-
fore, the B factor difference between the NCS molecules
should be attributed to the crystal packing effect, and the
B factors of Mol BY may more accurately reflect the actual
flexibility of the protein in solution. Generally, the high
B factors are observed in the N terminus of the b subunit
and the L6A loop; a moderately high B factor region is also
located around the L1 loop.
The a and b subunits are tightly associated with many
polar and hydrophobic interactions. The accessible surface
area is about 5400Å2 for each subunit. Each interface
occupies about 2400Å2 and the remaining region of the
heterodimer, comprising about 6000 Å2, is exposed to the
solvent. In addition to the hydrogen bonds within the sec-
ondary structure elements, a number of intersubunit
hydrogen bonds are found: between the b sheet and the
L6 loop; between the C-terminal region of the a1 helix
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Figure 1
Stereo view Ca backbone trace of the SMK
toxin. Every tenth residue is labeled; the N and
C termini of the a and b subunits are
indicated. (This illustration was drawn with the
program MOLSCRIPT [45].)
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and the L4 loop; and between the L1B loop and the L3 and
L5 loops. The hydrophobic core can be divided into three
sub-areas, a major hydrophobic core between the b sheet
and the two a helices, and two additional ones, between
the a helices and the L1B loop and between the b sheet
and the L6A loop. Interestingly, the majority of hydropho-
bic interactions within these areas are contributed by the
intersubunit contacts, such as those between the a1 and
a2 helices, between the a1 helix and the b3, b4 and b5
strands, and between the a2 helix and the b1 strand.
These hydrophobic contacts complement the protrusions
and the hollows of each surface, and reinforce the associa-
tion of the two subunits.
The hydrophobic residues and the neutral polar residues
are ordinarily distributed in the SMK toxin molecule. The
Research Article  Crystal structure of the SMK toxin Kashiwagi et al. 85
Figure 2
Structural comparison of the SMK and KP4
toxins. Ribbon drawings of the SMK toxin (left)
and the KP4 toxin (right) viewed from above
the two a helices in (a), and from above the
b sheet in (b). a Helices are shown in red and
b sheets in green. The non-secondary
structure regions of the SMK toxin a subunit
and the KP4 toxin are drawn with light green
rope, those of the SMK toxin b subunit are
colored gray. The loop numbers of the SMK
toxin are also indicated. The sidechains of the
lysine, arginine, histidine (SMK toxin only) and
cysteine residues, the N-terminal nitrogen
atoms, and the sulfate ions observed in the
AS crystal of the SMK toxin, are represented
as ball-and-stick models. The sulfur atoms of
the cysteine residues are represented as
space-filling models. (The figures were drawn
using the program O.)
former mostly exist in the hydrophobic core, and almost 
all of the latter are uniformly spread over the entire
protein surface. However, the basic and acidic residues
show somewhat biased distributions. The residues that are
likely to have positive charges at a low pH value are shown
in the left of Figure 2; Figure 5 shows the distribution of
the acidic residues, including the C-terminal carboxyl
groups. It is of interest that many acidic and basic residues
are concentrated in the bottom of the toxin molecule.
Figure 6 shows the interaction between Mol AAS and Mol
BAS. They are related by a non-crystallographic twofold
axis. This interaction, which occupies about 12 % of the
entire surface of each toxin molecule, is much more exten-
sive than those between the molecular pairs related by the
crystallographic twofold axes. The non-crystallographic
twofold axis runs almost perpendicular to the b sheets of
Mol A and Mol B, so that the two molecules are arranged
antiparallel to each other. The dimer appears to form a
continuous ten-stranded antiparallel b sheet. However, the
interaction between the two b2 strands does not involve an
intermainchain hydrogen bond. Instead, the two strands
are connected by many intersidechain hydrogen bonds,
mostly mediated by water molecules.
Structural comparison between the AS and PEG crystals
The rms positional displacements in Table 1 demonstrate
that the structural differences between the corresponding
molecules belonging to different crystals (Mol AAS/Mol
APEG and Mol BAS/Mol BPEG pairs) are smaller than those
between the two NCS related molecules in the same crys-
tals (Mol AAS/Mol BAS and Mol APEG/Mol BPEG pairs). In
addition, although the B factors of Mol XPEG are higher
than those of Mol XAS (where X=A or B) (Fig. 4; Table 1),
this difference is probably due to the different X-ray
sources (see Materials and methods section). The tenden-
cies of the B factors are almost the same between the corre-
sponding molecules belonging to different crystals. These
findings suggest that the crystal packing effect is the major
factor dominating the structural deviations of the toxin
molecules, and that the different crystallization conditions
induce no evident structural change of the SMK toxin.
The killer activity of the SMK toxin rises with an increase
in the salt concentration. The present crystallographic
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Comparison of the SMK and KP4 toxins. (a) Topology diagrams of the
SMK toxin (left) and the KP4 toxin (right). The triangles and the circles
represent b strands and a helices, respectively. The smaller symbols in
the KP4 toxin topology diagram, shown in paler colors, represent short,
minor elements. (b) Amino acid sequence alignment between the SMK
and KP4 toxins based on the secondary structures: red (a helices) and
green (b strands). Minor structure elements in the KP4 toxin are shown
in pale colors. The secondary structure assignment for the SMK toxin
was performed with the algorithm of Kabsch and Sander, as
implemented in the program PROCHECK [44]. The alignment was
performed using the program QUANTA (Molecular Simulations Inc.).
study reveals that the structure of the SMK toxin molecule
itself is hardly affected by ionic strength, implying that a
high salt concentration affects the sensitivity of the cell
against the toxin. This result does not contradict the
hypothesis that the action of SMK toxin may affect the cel-
lular system employed to resist high osmotic pressure [31].
The most striking difference between the structures of the
AS and PEG crystals is the binding of the sulfate ions to
the toxin molecule. In the AS crystal, several sulfate ions
with partial occupancies are observed near the positively
charged residues at the bottom of the toxin molecule
(Fig. 2). The identification of these sulfate ions is con-
firmed from their large tetrahedral electron densities and
from the nearby locations of positively charged sidechains,
in addition to the high concentration (3.3M) of the sulfate
ion used for crystallization. The sulfate ion binding sites
are summarized in Table 2. Each site comprises positively
charged and neutral nitrogen atoms. Except for site A, all
the sites are observed in either Mol AAS or Mol BAS. The
crystal packing and/or the conformational flexibility of the
lysine sidechains may account for the occupation of these
sites by sulfate ions in either molecule. In the PEG crystal
produced at a moderate concentration (0.2M) of the sulfate
ion, the electron density corresponding to the sulfate ion 
is hardly observed. In the (FNatAS–FNatPEG) difference
Fourier map, the first and second maximum peaks are
found at the A sites of both toxin molecules. The other
sites also show relatively high peaks in this map. These
results demonstrate that the SMK toxin contains anion-
binding sites within the positive charge cluster, although
the affinity for the sulfate ions does not seem high.
Reasons for the acidophilic nature of the SMK toxin
The carboxyl groups appear to be protonated under acidic
conditions (pH3.5–4.0) in which the crystals were produced.
In fact, several hydrogen bonds utilizing the protonated 
carboxyl groups as donors are observed in the intramolecular
hydrogen-bond network of the SMK toxin (Fig. 5). The
details of these hydrogen bonds are summarized in Table 3.
The carboxyl–carboxyl hydrogen bonds have been observed
in several proteins [33]. In these cases, however, the
number of interactions is as few as one, or at most two per
protein molecule. Thus, the presence of five carboxyl–
carboxyl hydrogen bonds in the SMK toxin is a distinguish-
ing structural feature. The distances of carboxyl–carboxyl
hydrogen bonds are generally short [33]. This is also true in
the case of the SMK toxin (Table 3), which demonstrates
the large stabilizing forces of these bonds under acidic con-
ditions. Interestingly, the SMK toxin almost completely
lacks intramolecular saltbridge interactions. These struc-
tural features (i.e. a paucity of salt bridges and an abundance
of carboxyl–carboxyl hydrogen bonds, complementing the
former) may be observed in other acidophilic proteins.
The active structure of the mature SMK toxin can be
retained only in acidic solutions; neutral solutions induce
the dissociation of the two subunits [9]. It is likely that this
pH dependent stability of the SMK toxin is due to the
intramolecular carboxyl–carboxyl hydrogen bonds. Under
neutral or basic conditions, the carboxyl groups bear nega-
tive charges and the electrostatic repulsions between the
sidechains may destabilize the structure. Carboxyl–carboxyl
hydrogen bonds occur in three regions of the SMK toxin.
The first is the intersubunit interaction between the car-
boxyl sidechains of Asp76 and Asp213; under neutral condi-
tions the repulsive force between these sidechains may
directly facilitate the dissociation of the two subunits. The
second and the third interactions are the intra b subunit 
carboxyl–carboxyl hydrogen bonds between Asp161 and
Asp195, and between Glu158, Asp199 and Asp222 (Fig. 5c),
respectively. As Glu158 and Asp161 reside in the L4 loop,
the repulsions between Glu158 and Asp222 and between
Asp161 and Asp195 may cause conformational changes in
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Figure 4
Mainchain B factor plots of the SMK toxin
molecules. The B factors for the mainchain
atoms are averaged per residue and are
plotted versus the residue numbers. The
values for Mol AAS, Mol BAS, Mol APEG and
Mol BPEG are colored red, green, blue and
yellow, respectively.
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this loop. This would have a negative influence on the 
association of the two subunits by disturbing the extensive
hydrogen bonds between the C terminus of the a1 helix
and the L4 loop. The repulsion between Asp199 and
Asp222 may violate the interactions between the b4 and b5
strands, because Asp199 lies in the b5 strand and Asp222 is
located in the L6 loop which forms the disulfide bond with
the b4 strand. This structural disturbance in the b sheet
core may spread over the entire structure causing the two
subunits to dissociate. Besides the carboxyl–carboxyl inter-
actions, the disruption of the hydrogen bond between Val81
O (donor) and Ala35 O, under neutral conditions, may
accelerate the dissociation of the two subunits, because this
hydrogen bond acts as a clasp for the a subunit, which 
surrounds the b subunit.
The maturation process of the SMK toxin
Nascent secretory proteins are folded and glycosylated in
the endoplasmic reticulum and processed in the Golgi
apparatus. Therefore, it is reasonable to think that the SMK
protoxin possesses the structure of the mature SMK toxin
with the g peptide arranged in such a manner that it is
ready for being cut off in the secretory pathway. Coincident
with this expectation, the crystal structure of the SMK toxin
demonstrates that the C terminus of the a subunit and the
N terminus of the b subunit are close to each other. This
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Figure 5
The distribution of the acidic amino acid
residues and their mutual interactions in the
SMK toxin. (a,b) The overall structure of the
SMK toxin showing the sidechains of the
acidic residues and the carboxyl groups of the
C-terminal residues. The carboxyl groups that
are included in the carboxyl–carboxyl mutual
interactions are represented as space-filling
models. The ribbon drawings are illustrated in
the same manner as in Figures 2a and b,
respectively, but the a helices are colored in
blue. (The figures were drawn using the
program O.) (c) Stereo view blow-up picture
of one of the carboxyl–carboxyl mutual
interactions in Mol AAS; interactions are
shown as red dotted lines. The (2Fo–Fc)
difference Fourier electron-density map
contoured at levels of 2s, is superimposed on
the model. (Figure drawn using the program
QUANTA.)
feature implies that the g peptide may construct an inde-
pendent domain attached to the top of the mature SMK
toxin domain. Moreover, this feature demonstrates that the
cleavages between the a subunit and the g peptide, and
between the g peptide and the b subunit occur within a
very small region; this observation suggests that accessibil-
ity of the processing enzymes is limited. Because these
enzymes, such as Kex2p and Kex1p, are membrane-associ-
ated, it would not be easy for two enzymes to access the
processing sites at the same time. Rather, it would be more
feasible to imagine that a Kex2p-like enzyme cuts two pro-
cessing sites of the protoxin and a Kex1p-like enzyme cuts
off the C-terminal basic residues.
On the other hand, the mature SMK toxin domain is unsta-
ble in neutral pH. This is incompatible with the fact that
the pH in organelles is considered to be neutral, consistent
with the optimum pH of the catalytic activities of the pro-
cessing enzymes in the Golgi apparatus (such as Kex2p
and Kex1p with optimum pHs of pH7–8). How the pro-
toxin, with the pH sensitive mature SMK toxin domain,
keeps its structure in the secretory vesicle remains to be
investigated. It is unlikely that the g peptide directly 
contributes to the stability of the protoxin, because of the
large separation between the acidic residue cluster region
and the g peptide. However, this situation would be
improved if the two protoxins formed a dimer, as repre-
sented in Figure 6. Although there is no evidence for
dimer formation of the mature SMK toxin under physio-
logical conditions, the head-to-tail interaction between 
the NCS dimer makes us imagine that the g peptide of
one protoxin molecule is likely to interact with the acidic
region of its counterpart. This dimerization of the protox-
ins may protect them from denaturation in neutral intracel-
lular environments. Of course, some other molecules may
stabilize the structure of the SMK toxin in the vesicle. The
possibility of achieving stabilization by association with the
membrane will also have to be investigated. Interestingly,
the acidic and basic regions largely overlap at the bottom of
the toxin molecule. This situation may infer that the basic
region assists in the interaction of the SMK toxin with as
yet unknown intracellular compartments.
Relation to the other killer toxins
Two typical mechanisms of killer toxins are ion-channel
formation (e.g. the K1 toxin) and inhibitory effects against
a particular target membrane protein (e.g. the KP4 toxin).
It does not appear that the present crystallographic results
allow a definite conclusion with respect to the toxicity
mechanism of the SMK toxin. However, the structure indi-
cates several unique features that may imply evolutionary
and/or functional relationships to the other killer toxins.
The SMK toxin exhibits no significant sequence similarity
to other known proteins. The 3D–1D compatibility assess-
ment method, which evaluates the fit between a given
three-dimensional structure and any sequence mounted
on it [34], also failed to detect any proteins similar to the
SMK toxin (Y Matsuo et al., unpublished data). Notably,
this method could not successfully mount the sequence of
the K1 toxin from S. cerevisiae onto the three-dimensional
structure of the SMK toxin, although the two killer toxins
share similarities in hydrophobicity, preprotoxin structure
and the mature heterodimeric structure [9]. The K1 toxin
is known to form an ion channel in the membrane of target
cells. On the other hand, from the folding pattern and the
arrangements of the disulfide bridges, it is unlikely that
the SMK toxin undergoes the drastic rearrangement of the
amphipathic a helices and b sheet required for insertion
into the membrane and for ion-channel formation, as pro-
posed for colicin A [35].The K1 toxin recognizes a particu-
lar oligosaccharide, the linear b-1,6-glucan, as a receptor.
This is thought to confer the target specificity to the non-
specific process of channel formation. However, we have
no direct evidence that the SMK toxin binds to a partic-
ular oligosaccharide. At least, the b-1-6 glucan deficient
mutants (kre1 and kre5) are sensitive to the SMK toxin,
suggesting that the SMK toxin does not require b-1-6
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Figure 6
Dimer formation of the SMK toxin in the AS crystal. The NCS dimer
structure is viewed downwards along the non-crystallographic twofold
axis. The residues included in the dimer interaction, and the water
molecules (colored magenta) mediating the interaction, are shown in
ball-and-stick representation. The color scheme is the same as that
used in Figure 2. (Figure drawn using the program O.)
glucan for its killer activity. These contrasts make the
structural and functional relationships between these two
toxins obscure.
The structure of the SMK toxin is classified as an a/b
sandwich, in which the b sheet and the bundle of a helices
each form layers stacking upon one another [36]. The a/b-
sandwich family is the major subgroup of the a+b folding
class. In general, proteins classified into the a/b-sandwich
family share diverse functions, effectively utilizing the sta-
bility of this fold. It would not be meaningful to discuss
the functional relationships between the SMK toxin and
other proteins from the viewpoint of this folding class.
However, the structural relationship between the SMK
toxin and the KP4 toxin from U. maydis which also belongs
to the a/b-sandwich family [28], is quite noteworthy. Both
proteins are indeed members of the killer toxin family,
although there are some differences between these two
toxins. These include their origin (the chromosomal
genome of a yeast, in the case of SMK toxin, and the ds
RNA viral genome in a fungus, in the case of KP4) and the
mature structure (the heterodimer and the monomer,
respectively). Figures 2 and 3 show structural comparisons
between the two toxin molecules, by means of a sequence
alignment based on the secondary structures, ribbon draw-
ings and topology diagrams. Most notably, the two toxin
structures share completely the same folding topology of
the a/b-sandwich family, except for the minor secondary
structural elements like a1, b2 and b5 of the KP4 toxin.
Of course, the two killer toxin structures exhibit some
substantially diverse aspects, despite the same folding
topology. For instance, the SMK toxin has a slender ellip-
soidal shape, in contrast with the globular shape of the
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Table 2
Sulfate ion binding sites.
Site* Atom Atom Distance (Å) Mean B factor Occupancy of
(protein) (sulfate ion) (<3.4 Å) of sulfate ion (Å2) sulfate ion 
A (Mol A) His70 Nd1 O2 2.56 25.3 0.52
Asn71 Nε2 O4 3.07
A (Mol B) His70 Nd1 O1/O4 3.37/2.98 33.8 0.44
Asn71 Nε2 O2 3.28
B (Mol A) Lys167 Nz O4 3.34 32.9 0.53
Lys167 N O2 2.40
C (Mol A) Lys194 Nz O1/O3 3.15/3.37 38.5 0.45
Asn197 Nε2 O1/O2 2.79/3.21
D (Mol A) Lys204 Nz O3/O4 2.85/2.77 45.0 0.40
Ser217 N O2 3.39
E (Mol B) Trp19 N O2/O3 2.73/2.66 36.9 0.51
Gly196 N O2 2.98
F (Mol B) Lys198 Nz O3 2.88 27.4 0.48
Lys162 N O2/O4 2.89/3.24
*Mol A and Mol B refer to the two molecules within the crystallographic asymmetric unit; A–F denotes sulfate ion binding sites.
Table 3
Possible hydrogen bonds including the carboxyl groups as proton donors.
Atoms Distance (Å)* Angles (°)* †
A B A–B CNA–A–B A–B–CNB
Asp76 Od2 Asp213 Od1 2.85 ± 0.09 117.7 ± 4.9 87.8 ± 3.5
Asp76 Od2 Asp213 Od2 2.57 ± 0.08 117.9 ± 1.8 101.0 ± 4.4
Val81 O Ala35 O 2.71 ± 0.10 115.7 ± 1.6 133.6 ± 2.2
Asp157 Od1 Ala159 O 2.64 ± 0.06 112.4 ± 0.8 121.1 ± 2.2
Glu158 Oε2 Asp222 Od1 2.67 ± 0.12 115.3 ± 3.8 116.3 ± 5.6
Asp161 Od2 Asp195 Od2 2.51 ± 0.08 119.4 ± 3.7 116.8 ± 2.5
Asp199 Od1 Asp222 OT 2.72 ± 0.16 118.9 ± 3.4 128.4 ± 5.0
*The mean values for the four molecules are listed with their standard deviations. †CNA and CNB are the carbon atoms next to atom A and B,
respectively.
KP4 toxin. The sizes and spatial arrangements of the sec-
ondary structures also differ between the two toxins. The
rms positional displacement of 51 Ca atoms which exist 
in the corresponding secondary structure of each toxin,
comes up to 4.4 Å. Furthermore, the KP4 toxin is a very
stable protein which contains five intramolecular disulfide
bonds. The SMK toxin forms no intersubunit disulfide
bridge, but contains one disulfide bond in each subunit.
The basic residues in the KP4 toxin are distributed on
both edges of the b sheet and on the surfaces of the
a helices; this distribution is considerably different from
that in the SMK toxin.
Nevertheless, we consider that the folding similarity
between the two toxins is worthy of special mention. A
split bab motif is frequently observed in the a/b-sand-
wich fold [36]. The SMK toxin has two split bab motifs
(b1-a1-b2 and b3-a2-b4), both of which have left-handed
connections; the two split bab motifs of the KP4 toxin
also have left-handed connections. Generally speaking,
the left-handed connection is far rarer than right-handed
one. A few proteins, such as the silver pheasant ovomcoid
third domain, porcine trypsin inhibitor and the Nicotiana
tabacum ribulose-1,5-bisphosphate carboxylase/oxygenase
[36], are known to possess one such left-handed connec-
tion. As the existence of one left-handed connection is
rare, the existence of two left-handed connections in a
protein is all the more unusual. The fact that not only the
overall folding topology, but also the existence of such an
extremely rare motif, is shared by the SMK and the KP4
toxins, may imply an evolutionary relationship between
them. It is fascinating to discuss the evolutionary acquire-
ment of the killer phenotype from virus to yeast genome,
or vice versa. The sequenced region of SMK1 (the coding
region and the additional up-and-downstream 400 bps)
may be too short a region to detect any traces of the viral
genome. Lack of sequence similarity between the KP4
toxin and the SMK toxin, and the distance of species
between U. maydis (Basidiomycota) and P. farinosa (Ascomy-
cota) make such an argument difficult. If these toxins
diverged from some common ancestor, there may be some
reason for the presence and absence of the interstitial
g peptide, in the SMK toxin and KP4 toxin, respectively.
Elucidation of the role of the g peptide on folding, stabil-
ity and activity of the SMK toxin precursor in the secre-
tory pathway will make the argument more interesting. A
crystallographic study of the KP4 toxin has concluded that
it acts as a Ca2+ channel inhibitor [28]. The investigators
suggested that the protrusion of the b3–b4 loop may be an
active site. Although the mechanism of toxicity of the
SMK toxin is still unknown, recent results obtained by
some members of our group suggest that a point mutation
makes a sensitive strain of S. cerevisiae resistant to the
SMK toxin. The mutation is recessive (CS and SN,
unpublished results) and a gene which complements the
mutation is under investigation. This result also indicates
that the killing mechanism of SMK toxin has a specific
target. The upper half of the SMK toxin molecule, which
almost coincides with the putative active site of the KP4
toxin, is covered by the three long loops (L1A, L1B and
L6A). These unique loop structures may serve as the
determinant for an unknown target protein.
Biological implications
Killer toxins are proteinous substances secreted by
certain strains of yeasts and fungi. Such ‘killer’ strains
produce their own killer toxin, to eliminate competitive
strains, and possess a resistance system against their
own toxin, which is termed ‘immunity’. All killer species
share this common phenotype, but the killer toxins
themselves exhibit various properties depending upon
species and strain. Killer toxins differ in terms of the
gene which encodes them, their molecular size, the
mature structure of the protein, the immunity, the target
cell recognition mechanism, and the killing mechanism.
It has been proposed that some toxins act by forming ion
channels in the membrane, while others block certain
target proteins.
The halotolerant yeast, Pichia farinosa KK1 strain,
secretes a unique killer toxin named SMK toxin. The
SMK toxin exhibits its maximum killer activity at acidic
pH and at high salt concentrations. The mature toxin 
is composed of two distinct subunits, a and b, while the
protoxin contains an additional g peptide which joins the
two subunits. The a and b subunits are tightly associ-
ated under acidic conditions and the protein exhibits the
toxic activity. However, the subunits readily dissociate
under neutral conditions, which abolish the killer activ-
ity. In order to elucidate the mechanism of toxicity and
the unique pH-dependent stability, the three-dimen-
sional structure of the SMK toxin has been determined
by X-ray crystallography.
The crystal structure revealed that the a and b subunits
are folded together in a single ellipsoidal domain. The
folding topology of the SMK toxin which belongs to the
a/b-sandwich family, is remarkably similar to that of the
fungal killer toxin, KP4. Moreover, the two toxins share
an extremely rare structural feature: two left-handed
split bab motifs. These results may suggest an evolution-
ary and/or functional relationship between these two
toxins. The acidic and basic residues within the protein
are mostly located at the bottom of the toxin molecule.
The unique pH-dependent stability of the SMK toxin can
be explained by the carboxyl–carboxyl interactions in
the acidic cluster. These hydrogen bonds are likely to 
be disrupted under neutral conditions, because of the
repulsive forces derived from the negatively charged
sidechains. This finding provides an important structural
basis for several applications in the fermentation indus-
try, such as the stabilization of the SMK toxin molecule
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in a broader pH range. The structure of the SMK toxin
itself is hardly affected by the ionic strength, with the
exception that in the high ionic strength crystal a
number of sulfate ions are electrostatically bound near
the basic residues. This result may imply that a high salt
concentration does not affect the toxin structure itself,
but the sensitivity of the cell against the toxin. Although
the discrete physiological mechanism of the SMK toxin
is unknown, several of the structural features and
unpublished experimental results imply that the SMK
toxin interacts with an unknown target.
Materials and methods
Preparation and crystallization
The preparation and the crystallization of the SMK toxin were performed
as described previously [9,32]. Both crystals (AS crystal and PEG
crystal) belong to the space group P41(3)212, with unit cell dimensions
of a ≈81Å and c ≈118Å. They were assumed to contain two or three
protein molecules per asymmetric unit. The crystals used for the struc-
tural analysis were grown at 20 °C by the hanging-drop mode of the
vapor diffusion method. The AS crystals were grown within a few weeks,
when droplets containing 8 mgml–1 protein, 1.5M AS, 50mM glycine-
HCl buffer, 8mM citrate-PO4 buffer, 70mM NaCl, 0.5mM ethylenedi-
aminetetraacetic acid (EDTA) and 50 mM phenylmethanesulfonyl fluoride
(PMSF) (pH3.5) at the initial state, were equilibrated with a reservoir
solution of 2.7M AS and 90mM glycine-HCl buffer (pH3.5). The PEG
crystals were grown to a size sufficient for X-ray diffraction within a 
few weeks, when droplets containing 8 mgml–1 protein, 15% w/v
PEG4000, 100mM AS, 100mM glycine-HCl buffer, 8 mM citrate-PO4
buffer, 70mM NaCl, 0.5mM EDTA and 50 mM PMSF (pH4.0) at the
initial state, were equilibrated with a reservoir solution containing 25 %
w/v PEG4000, 167mM AS and 167mM glycine-HCl buffer (pH 4.0).
Data collection
The data collection statistics for each data set are summarized in
Table 4. Before the data collection, the native AS crystals were trans-
ferred to harvest buffer, which contains 3.3 M AS and 110 mM glycine-
HCl (pH 3.5), while the PEG crystal was transferred to the buffer
containing 30% PEG4000, 200 mM AS and 200 mM glycine-HCl
(pH 4.0). The MIR analysis was carried out for the AS crystals. The
screening of several heavy-atom compounds revealed that soaking with
K2PtCl4 and K2HgI4-KI yielded good heavy-atom derivatives. Both
derivatives were used for data collection at two different wavelengths.
Intensity data sets for the native AS crystals (NatAS), a K2PtCl4
derivative crystal (PT1), and a K2HgI4-KI derivative crystal (HG1) were
collected at room temperature, using the macromolecular-oriented
Weissenberg camera [37], installed on either beam line (BL) 6A2 or
18B, at the Photon Factory (PF) of the National Laboratory for High
Energy Physics, Tsukuba, Japan. The X-ray wavelength was set to
1.00 Å, and the diffraction path was filled with helium gas to avoid air
scattering. For NatAS, two crystals with different orientations relative to
the beam were used to compensate for the blind region. The data sets
for the second K2PtCl4 derivative crystal (PT2), the second K2HgI4-KI
derivative crystal (HG2), and the PEG crystal (NatPEG) were collected
at room temperature, using the DIP-100 imaging plate diffractometer
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Table 4
Data collection and phasing statistics.
Data set NatAS PT1 PT2 HG1 HG2 NatPEG
Crystal 1 Crystal 2
Crystal size (mm) 0.3 ×0.2 ×0.2 0.3 ×0.2 ×0.2 0.4 ×0.3 ×0.3 0.4 ×0.3 ×0.3 0.4 ×0.3 ×0.3 0.4 ×0.3 ×0.3 0.6 ×0.4 ×0.4
Soaking – – 5mM K2PtCl4 7mM K2PtCl4 1mM K2HgI4, 1mM K2HgI4, -
conditions 24h 22h 50mM KI, 22h 5mM KI, 3h
Data collection PF BL-6A2 PF BL-6A2 DIP100 PF BL-6A2 DIP100 PF BL-18B DIP100
device
Rotation axis a c c c c a ≈a
Resolution (Å) 50.0–1.8 50.0–1.8 50.0 —2.7 50.0–2.7 50.0–2.7 50.0–2.7 50.0–1.8
S/N* 10.8 9.3 7.4 14.2 9.1 14.2 8.1
No. of 
observations 168 550 81 568 34 122 36 776 36 192 59 855 185 448
No. of unique 
reflections 35 030 10 064 10 640 10 787 11 247 35 468
Completeness† 0.937 (0.827) 0.878 (0.846) 0.926 (0.791) 0.943 (0.902) 0.980 (0.949) 0.947 (0.856)
Rmerge†† 0.069 0.083 0.069 0.064 0.056 0.062
Riso‡ – 0.193 0.188 0.122 0.149 –
No. of heavy 
atom sites – 11 11 9 13 –
Rcullis(cent)/
Rcullis(ano)§ – 0.61 / 0.92 0.66 / 0.81 0.63 /0.86 0.79 / 0.90 –
Phasing Power#
(centric/acentric) – 1.07 / 1.85 0.98 / 1.61 0.81 / 1.35 0.64 / 1.01 –
*S/N = 〈 I(hkl) / sI(hkl)〉. †The completeness of the outermost
resolution shell (NatAS and NatPEG, 1.83–1.80 Å ; PT1, PT2, HG1
and HG2, 2.8–2.7 Å) is written in parentheses.
††Rmerge=ShklSi | 〈I(hkl)〉 – I(hkl)i | / Shkl〈I(hkl)〉, where I(hkl)i = measured
diffraction intensity and 〈I(hkl)〉 = mean value of all intensity
measurements of the (hkl) reflection. ‡Riso = Shkl | FPH – FP | / ShklFP.
§Rcullis(cent) = Shkl | FPH– | FP ± FHcalc | | / Shkl | FPH– FP | for centric
reflections.
Rcullis(ano)=Shkl | | FPH(+) – FPH(–) | – 2FH′′calcsinϕP | / Shkl| FPH(+) – FPH(–)| for
anomalous reflections. #Phasing power = <FHcalc>/<FPH–|FP ±
FHcalc|>, where FPH is the structure amplitude of a derivative crystal; FP
and ϕP are the structure amplitude and the phase of the NatAS,
respectively; and FHcalc and FH′′calc are the real and imaginary parts of
the calculated heavy-atoms’ structure amplitudes, respectively.  For
the MIR data, the mean figure of merit = 0.765. The mean figure of
merit of the combined phases after solvent flattening or molecular
averaging = 0.880 or 0.908, respectively.
on the M18X rotating-anode X-ray generator (MAC-Science) operated
at 45kV, 90 mA, with CuKa radiation. The diffraction images for each
data set were indexed and integrated using the program DENZO [38].
These data were merged and scaled using the program SCALEPACK
[38]. The unit cell parameters refined by the program SCALEPACK
were a = 81.10 Å and c = 118.46 Å for the NatAS crystal, and
a = 81.12 Å and c = 118.68 Å for the NatPEG crystal. Despite the
nearly identical cell parameters, the intensity differences between them
were substantial, as reflected in the Riso value (defined in Table 4) of
11.0 % between 50.0 Å and 2.6 Å resolution, which implies the exis-
tence of some structural differences between the two crystals [32].
Determination of the AS crystal structure
For the MIR analysis, the native and derivative data were combined and
scaled using the programs CAD and SCALEIT in the CCP4 program
suite [39]. The (FPT1(or PT2)–FNatAS) difference Patterson map presented
one prominently strong peak, corresponding to a major Pt site. After the
structural determination, this site was found to lie near Met202 Sd
of Mol BAS. The (FHG2–FNatAS) difference Fourier maps, phased by this
major Pt site with the anomalous scattering information, were calculated
(12–4 Å resolution) in both P41212 and P43212 space groups. Higher
peaks were found in the P43212 map, suggesting that the correct
space group is P43212. This space group determination was confirmed
by the (FPT1–FNatAS) difference Fourier map phased by the major Hg
sites. The phase refinements, using the four derivative data sets with
the anomalous scattering information, were iteratively performed by the
modified version (D Vassylyev, unpublished results) of the program
MLPHARE in CCP4, with gradual inclusion of the minor heavy-atom
sites. The MIR map (50.0–2.7Å resolution) was of a good quality, and
showed a clear protein–solvent boundary and a number of a helices.
The large solvent region allowed the conclusion that the crystal con-
tains two protein molecules per asymmetric unit, corresponding to a
solvent content value of 64.2%.
The phases were improved using the program DM in CCP4. The statis-
tics in the phase improvement process are shown in Table 4. At first,
the solvent flattening (SF) procedure was reiterated until sufficient con-
vergence was obtained, using the 50.0–2.7Å resolution data and the
solvent content value of 55%. This procedure provided a map in which
almost the entire chain could be traced. At this stage, the Ca atoms for
all the residues of Mol AAS and for 30 residues belonging to a helices of
Mol BAS were placed on this SF map. Hereafter, the program O [40] on
the IRIS graphics workstation was used for the model building. The
molecular mask for the molecular averaging (MA) procedure was con-
structed from the Ca model of Mol AAS, using the program NCSMASK
in CCP4. The NCS parameters were obtained by superimposing the 30
Ca atoms of the Mol BAS a helices on those of Mol AAS. The obtained
NCS parameters demonstrated the non-crystallographic twofold axis
symmetry. Using the molecular mask and the NCS parameters, the MA
procedures were performed at 50.0–2.7Å resolution, and successfully
yielded an increased correlation coefficient. The MA map was further
improved, as compared to the SF map. The map calculations for the
above procedures were executed by the program FFT in CCP4. All of
the residues of the toxin molecules could be unambiguously assigned
to the MA map. The functions of the program O, for the mainchain auto-
construction based on the database, and for the preferred rotamer gen-
eration of the sidechain, were utilized for the initial construction of the
Mol AAS model. The Mol BAS model was initially generated from that of
Mol AAS, using the NCS parameters refined in the MA procedure.
The constructed protein model was subjected to crystallographic refine-
ment. The refinement was started with the 10.0–2.7Å resolution data
(F>1sF), using the program X-PLOR [41]. This first refinement stage
includes the steps of overall B factor optimization, Powell conjugate-
gradient energy minimization (PCEM), simulated annealing (SA) from
4000K–300K, and PCEM, in this order. After this stage, only a few por-
tions of the model were rebuilt. Then, the X-PLOR refinements including
PCEM, SA from 3000K–300K, PCEM, and individual B factor refine-
ment, in this order, were performed against the 8.0–2.2Å resolution
data with F>1sF. Water molecules (129) were picked up, after this
refinement stage. The third refinement stage, using the 6.0–1.8Å reso-
lution data with F>1sF, was executed using almost the same procedure
as the second stage. Then, some manual rebuilding of the protein mol-
ecules was performed, and the water molecules and the sulfate ions
were added to the model. Finally, the model was subjected to refine-
ment by the use of the program PROLSQ [42], which resulted in the
statistics shown in Table I.
Determination of the PEG crystal structure
The initial protein structure of the PEG crystal was determined by rigid-
body refinement using the program X-PLOR, in which the refined
protein structures of the AS crystal, with the overall B factor values of
22 Å2, were used as a search model. The R factor was reduced to
28.2 % for the 10.0–2.5 Å resolution data (F>1sF). A (2Fo–Fc) differ-
ence Fourier map demonstrated that the structures of the SMK toxin
molecules were quite similar to those in the AS crystal. The refinement
and the model building were continued, according to the same proce-
dures used during and after the second refinement stage of the AS
crystal. The sulfate ion could not be found in the structure of the PEG
crystal. The refinement was successfully finished, as shown in Table I.
Accession numbers
The refined coordinates of the SMK toxin have been deposited in the
Brookhaven Protein Data Bank [43] with entry codes 1KVD (AS crystal)
and 1KVE (PEG crystal).
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